The sodium-potassium ATPase (i.e., the "sodium pump") plays a central role in maintaining ionic homeostasis in all cells. Although the sodium pump is intrinsically electrogenic and responsive to dynamic changes in intracellular sodium concentration, its role in regulating neuronal excitability remains unclear. Here we describe a physiological role for the sodium pump in regulating the excitability of mouse neocortical layer 5 and hippocampal CA1 pyramidal neurons. Trains of action potentials produced long-lasting (ϳ20 s) afterhyperpolarizations (AHPs) that were insensitive to blockade of voltage-gated calcium channels or chelation of intracellular calcium, but were blocked by tetrodotoxin, ouabain, or the removal of extracellular potassium. Correspondingly, the AHP time course was similar to the decay of activity-induced increases in intracellular sodium, whereas intracellular calcium decayed at much faster rates. To determine whether physiological patterns of activity engage the sodium pump, we replayed in vitro a place-specific burst of 15 action potentials recorded originally in vivo in a CA1 "place cell" as the animal traversed the associated place field. In both layer 5 and CA1 pyramidal neurons, this "place cell train" generated small, long-lasting AHPs capable of reducing neuronal excitability for many seconds. Placecell-train-induced AHPs were blocked by ouabain or removal of extracellular potassium, but not by intracellular calcium chelation. Finally, we found calcium contributions to the AHP to be temperature dependent: prominent at room temperature, but largely absent at 35°C. Our results demonstrate a previously unappreciated role for the sodium-potassium ATPase in regulating the excitability of neocortical and hippocampal pyramidal neurons.
Introduction
Periods of action potential generation in pyramidal neurons in the neocortex and hippocampus produce long-lasting afterhyperpolarizations (AHPs) that are thought to involve several ion-and/or voltage-dependent potassium conductances. Early components of the AHP, including the "fast" (Ͻ10 ms) and "medium" (Ͻ100 ms) AHPs, involve a combination of calcium-and voltage-dependent potassium conductances (Storm, 1987 (Storm, , 1989 Gu et al., 2005; Tzingounis and Nicoll, 2008) . Slower components of the AHP include a calcium-dependent "slow" (ϳ1-2 s) AHP (Alger and Nicoll, 1980; Hotson and Prince, 1980; Brown and Griffith, 1983; Madison and Nicoll, 1984; Lancaster and Adams, 1986; Schwindt et al., 1992 ) and a longer-lasting (many seconds) "late slow" AHP that is sodium, rather than calcium, dependent Schwindt et al., 1989; SanchezVives et al., 2000b) . Because these intrinsic inhibitory mechanisms provide negative feedback in proportion to action potential output, they play a critical role in shaping the pattern of action potential generation in pyramidal neurons, and their dysregulation contributes to epilepsy (Behr et al., 2000; Empson and Jefferys, 2001 ) and age-related cognitive decline (Moyer et al., 1992) .
In addition to potassium conductances, the sodiumpotassium ATPase (i.e., the "sodium pump") may provide a mechanism for intrinsic, activity-dependent regulation of excitability. The sodium pump contributes to ionic homeostasis via asymmetric exchange of three intracellular sodium ions for two extracellular potassium ions, thus generating a net outward current that may hyperpolarize cortical pyramidal neurons by several millivolts (Koike et al., 1972) . Under physiological conditions, activity of the sodium pump is determined primarily by intracellular sodium concentration (Anderson et al., 2010) , suggesting that sodium entry during trains of action potentials could produce hyperpolarizing pump currents contributing to the AHP (Koike et al., 1972) . Indeed, sodium-pump-dependent AHPs have been described in Drosophila neurons (Pulver and Griffith, 2010) , sensory neurons in the leech (Baylor and Nicholls, 1969) and lamprey (Parker et al., 1996) , motor neurons in tadpoles (Zhang and Sillar, 2012) , and in presynaptic and postsynaptic neurons at the calyx of Held in the mammalian medial nucleus of the trapezoid body (Kim et al., 2007; Kim and von Gersdorff, 2012) . Further, a role for sodium pumps in generating AHPs has been suggested in CA1 pyramidal neurons (CA1PNs; Gustafsson and Wigström, 1981, 1983 ) and neocortical layer 5 pyramidal neurons (L5PNs; Koike et al., 1972) . In a recent study, we observed long-lasting (ϳ20 s) AHPs after trains of action potentials in hippocampal CA1PNs (Dasari and Gulledge, 2011) . Here, we test the mechanisms underlying these prolonged AHPs in both L5PNs and CA1PNs. Our results demonstrate a robust role for the sodium pump in regulating pyramidal neuron excitability that can be engaged by brief, physiologically relevant spike trains that occur in vivo. Because electrogenic sodium pumps are expressed in all cells, we propose that they represent a fundamental mechanism for regulating excitability in most, if not all, neurons.
Materials and Methods
Slice preparation. Experiments were performed using wild-type C57BL/6 mice of either sex under procedures approved by the Institutional Animal Care and Use Committee of Dartmouth College. Animals (4-to 6-weeks-old, unless otherwise indicated) were briefly anesthetized with isoflurane, decapitated, and brains rapidly removed into artificial CSF (aCSF) composed of the following (in mM): 125 NaCl, 25 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 6 MgCl 2 , and 25 glucose (saturated with 95% O 2 /5% CO 2 ). Coronal brain slices (250 m thick) of the medial prefrontal cortex (mPFC) or dorsal hippocampus were cut using a Leica VT 1200 slicer, and transferred to a storage chamber filled with aCSF in which CaCl 2 was increased to 2 mM and MgCl 2 was decreased to 1 mM. Slices were maintained at 35°C for 1 h, and then stored at room temperature (23°C) before experimental manipulation.
Electrophysiology. Slices were placed in a recording chamber and continuously perfused (ϳ5 ml/min) with aCSF heated to 35°C, unless otherwise indicated. Whole-cell current-clamp recordings were made under visual control from L5PNs in the mPFC, or from CA1PNs in the hippocampus, using 60ϫ water-immersion objectives and differential interference contrast optics on BX51WI microscopes (Olympus) equipped with MP-285 micromanipulators (Sutter Instruments). Except as indicated, pipette solutions contained the following (in mM): 135 K-gluconate, 2 NaCl, 2 MgCl 2 , 10 HEPES, 3 Na 2 ATP, and 0.3 NaGTP, pH 7.2 with KOH. Most electrophysiological recordings were made with BVC-700 amplifiers (Dagan). During ion imaging experiments, we used a MultiClamp 700B amplifier (Molecular Devices). Data were acquired and analyzed using AxoGraph software (AxoGraphX). Voltage signals were sampled at 22-40 kHz, filtered at 5 kHz, and corrected for the liquid junction potential (ϩ12 mV for K-gluconate-based intracellular saline and ϩ8 mV for K-methylsulfate-based saline). Except as noted, action potentials were evoked using brief (2 ms), high-amplitude (3-4.5 nA) current injections, allowing precise control of the number and timing of action potentials within spike trains. The "place cell train" (PCT) replicated the timings of a burst of activity (15 action potentials over a 345 ms period) recorded in vivo in a CA1PN of a rat traversing the associated place field (kindly provided by Dr. Pepe Lenck-Santini). Voltage responses were baselined to the resting membrane potential (RMP) occurring just before initiation of the spike train (averaged over 150 ms just before the first current step) and AHP peak amplitudes were measured as the peak negative voltage after the cessation of the final current step in the unresampled raw data. AHP integrals were determined from the AHP waveform (baselined to 0 mV at the RMP and with time 0 set at the end of the last current step) by measuring the maximum negative amplitude of the voltage integral between time 0 and 20 s. "Population AHPs" were generated by resampling individual AHPs (averaged from 3 consecutive trials) at 10 Hz (or 100 Hz for the initial 1 s) and then plotting the population mean (ϮSEM) for each resultant time point. During ion-imaging experiments, series resistance compensation during highamplitude current injections was imperfect. Therefore, to most accurately compare action potential amplitudes in baseline and drug conditions, voltage traces were baselined to the minimum voltage occurring between the fast capacitive transient (at the start of the first current step) and the peak of the first action potential (Fig. 3A) . All action potential amplitudes in a given train were measured relative to this same baseline potential.
Ion-imaging experiments. For ion-imaging experiments, patch-pipette solutions included either the calcium-sensitive dye Oregon Green BAPTA-1 (OGB1; 50 M) or the sodium-sensitive dye SBFI (1 mM), both obtained from Life Technologies. Dye-loaded neurons were visualized using 2-photon excitation via a Prairie Ultima imaging system equipped with a Ti:sapphire laser (Coherent) tuned to 820 m for both OGB1 and SBFI imaging. Regions of interest were positioned over the soma of the recorded neuron to allow relatively fast (ϳ20 Hz) sampling of somatic fluorescence (presented as ⌬F/F ). The decay of fluorescence signals were fit with single exponentials. The corresponding AHPs were fit with double-exponential functions.
Pharmacological manipulations. Drugs were obtained from SigmaAldrich. Tetrodotoxin (TTX; 1 M) and ouabain (20 M) were dissolved in aCSF and focally applied via patch-pipettes positioned near the soma of the recorded neuron. Cadmium chloride (200 M) and cesium chloride (3 mM) were bath applied. In nominally K ϩ -free aCSF, KCl was replaced with NaCl.
Statistical analysis. Drug effects were assessed using either Student's t test (two-tailed, paired or unpaired) or one-way ANOVAs (two-tailed, for independent or repeated-measures) with Tukey-Kramer post tests, as appropriate. The effects of the PCT on test-pulse spike latency were quantified using generalized linear modeling for repeated measures with SPSS Statistics version 19.0.0 software. p values Ͻ0.05 were considered significant.
Results

Sodium-dependent AHPs in L5PNs
We used brief (2 ms), high-amplitude (3-4.5 nA) somatic current injections to initiate time-locked action potential trains of varying frequency and duration (10 -50 Hz, 1 or 3 s) in L5PNs from the mPFC. These action potential trains generated prolonged (ϳ20 s) AHPs (Fig. 1A-C) , the amplitudes and integrals of which increased with the number of action potentials in the spike train (n ϭ 10; Fig. 1D ). AHPs in many cell types, including cortical neurons, are calcium dependent (for review, see Andrade et al., 2012) . We investigated whether AHPs in L5PNs depend upon calcium entry through voltage-gated calcium channels and/or intracellular calcium signaling using two approaches that block calcium-dependent responses in cortical neurons (Gulledge et al., 2007; Dasari et al., 2013) . In one set of experiments, we measured AHPs generated in the presence of the nonselective calcium channel blocker cadmium (200 M; n ϭ 10), whereas in another set of experiments, we measured AHPs in L5PNs in which the calcium-chelating agent BAPTA (10 mM) was included in the patch-pipette (n ϭ 10). AHPs generated in both conditions were generally as large (in terms of peak amplitude and integral) or larger than AHPs generated in control conditions (Fig. 1C,D) . For the largest AHPs, generated by 50 Hz, 3 s trains of action potentials, AHP peak amplitudes were 8.1 Ϯ 0.3 mV, 7.3 Ϯ 0.3 mV, and 9.8 Ϯ 0.3 mV for control, cadmium, and BAPTA conditions, respectively (n ϭ 10 per group; p Ͻ 0.01 for cells filled with BAPTA vs control and cadmium experiments, ANOVA). AHP .) for control neurons (blue; n ϭ 10) and neurons recorded in the presence of external Cd 2ϩ (200 M; red; n ϭ 10) or internal BAPTA (10 mM; green; n ϭ 10). Inset: Initial 1 s of the population AHP resampled at 100 Hz. Mean RMPs were Ϫ81 Ϯ 1 mV for control neurons, Ϫ82 Ϯ 1 mV in the presence of Cd 2ϩ , and Ϫ78 Ϯ 1 mV in BAPTA-filled neurons. D, Comparisons of AHP peak amplitudes (top) and integrals (bottom) for the various spike train protocols and recording conditions shown in C, as well as for experiments in which whole-cell pipettes were filled with a K-methylsulfate-based intracellular solution (n ϭ 16; mean RMP for KMS-filled neurons was Ϫ79 Ϯ 1 mV). Significant differences relative to control neurons are indicated (*p Ͻ 0.05, one-way ANOVAs). Note that the apparent smaller peak amplitude of population AHPs occurring in the presence of Cd 2ϩ (see inset of individual 50 Hz, 3 s responses in C) reflects instead increased variability in the time-to-peak (SD of latency to peak was 10 Ϯ 1 ms in control neurons vs 149 Ϯ 31 ms for neurons patched in the presence of Cd 2ϩ ; n ϭ 30; p Ͻ 0.01, ANOVA), rather than an absolute change in AHP peak amplitude (D). or by a single 3 s, low-amplitude, current step (bottom, red trace). Inset are the first (left) and last (right) action potentials in each train superimposed to show the similarities in action potential waveforms. The RMP of this neuron (yellow dashed line) was Ϫ76 mV. B, Superimposed AHPs from the neuron shown in A (averages of three consecutive trials) generated by timed trains of action potentials (25 Hz, 3 s; blue), or by a 3 s, 300 pA current step (red). Note that the AHPs are similar except for the initial 100 ms, which is larger in the case where a long current step was used to generate the AHP. C, Population AHPs (resampled at 10 Hz; n ϭ 12) generated by timed action potential trains (blue) or 3-s-long current steps (red). Inset: Initial 1 s of the AHP resampled at 100 Hz. The mean RMP for these neurons was Ϫ76 Ϯ 2 mV. D, Population AHPs (n ϭ 12) generated by timed action potential trains (blue) or by 3-s-long current steps (red) in the presence of the HCN channel blocker Cs ϩ (3 mM). Inset is the initial 1 s of the AHP resampled at 100 Hz. Mean RMP of these neurons was Ϫ79 Ϯ 1 mV. integrals were 27 Ϯ 2 mV ⅐ s, 30 Ϯ 4 mV ⅐ s, and 40 Ϯ 5 mV ⅐ s (p Ͻ 0.05 for BAPTAfilled neurons vs controls). Finally, we compared our control AHPs, recorded with standard K-gluconate-based pipette saline, with AHPs generated in L5PNs patched with pipettes containing a K-methylsulfate-based pipette solution (n ϭ 16; Fig. 1D , yellow symbols). We found no significant differences in the amplitudes or integrals of AHPs generated in these two recording conditions, suggesting that, under our conditions, AHPs are not dependent on intracellular anion species (but see Zhang et al., 1994 ). These results demonstrate that calcium entry during spike trains is not required for AHPs to occur in L5PNs.
We next compared AHPs generated by trains of timed action potentials ( Fig. 1 ) with AHPs resulting from equivalent numbers of action potentials generated by prolonged low-amplitude current injections ( Fig. 2) . In 12 L5PNs, AHPs were evoked by 75 high-amplitude current injections (25 Hz) or by a 3-s-long lowamplitude current step (320 Ϯ 31 pA) that produced a mean of 73 Ϯ 3 action potentials ( Fig. 2A) . Action potential waveforms were similar in both AHP induction protocols ( Fig. 2A) , and the resulting AHPs had similar integrals (13 Ϯ 1 mV ⅐ s for trains vs 12 Ϯ 2 mV ⅐ s for long current steps; n ϭ 12; p ϭ 0.61). However, AHPs in response to long current injections had peak amplitudes (6.5 Ϯ 0.3 mV) that were 31 Ϯ 5% larger than AHPs generated by timed spike trains (5.0 Ϯ 0.2 mV; p Ͻ 0.0001, paired t test; Fig. 2 B, C) . The increase in AHP amplitude was brief, lasting only 131 Ϯ 41 ms ( Fig. 2 B, C) , corresponding to the medium AHP that in pyramidal neurons at RMPs is mediated by inactivation of hyperpolarization-and cAMP-gated nonspecific cation (HCN) channels (Gu et al., 2005) . To confirm that HCN channel inactivation during long current steps was responsible for the observed difference in AHP peak amplitudes, in a second set of experiments, we blocked HCN channels with 3 mM cesium chloride (Chen et al., 2005) . In the presence of Cs ϩ , AHPs generated by the two induction protocols were almost identical ( Fig.  2D) , with AHP peak amplitudes being 5.8 Ϯ 0.4 and 5.4 Ϯ 0.3 mV, for train-induced and long current step-induced AHPs, respectively ( p ϭ 0.26). These data demonstrate that the slow component of the AHP is dependent primarily on the number of action potentials generated, rather than on the method of their induction. Because our focus is on understanding the mechanisms underlying the slow components of the AHP, and to have precise control of action potential number and timing, trains of brief, high-amplitude current pulses were used to generate AHPs in the experiments below.
Long-lasting, calcium-independent AHPs have been described previously in neocortical pyramidal neurons Schwindt et al., 1989; . These AHPs rely instead on sodium entry during action potential trains, and are sensitive to the voltage-gated sodium channel blocker TTX. To determine whether sodium entry during spike trains mediates AHPs in L5PNs, we generated AHPs before and after focal application of TTX (1 M; Fig. 3 ). TTX reversibly reduced the amplitude of action potentials during the spike train ( Fig. 3A) , with initial action potentials being reduced by 63 Ϯ 6% and final spikes being reduced by 61 Ϯ 4% (n ϭ 5; p Ͻ 0.001 for each, relative to baseline spike amplitudes, paired t tests). TTX also eliminated the progressive hyperpo- , or with 10 mM BAPTA included in the pipette solution (green; n ϭ 15). Mean RMPs were Ϫ77 Ϯ 1 mV, Ϫ74 Ϯ 0 mV, and Ϫ78 Ϯ 1 mV, for control, Cd 2ϩ , and BAPTA conditions, respectively. B, Population AHPs for CA1PNs (n ϭ 7) in response to a 50 Hz, 3 s spike train in baseline conditions (blue), after focal application of TTX (1 M; red), and after 10 min of wash (green). Mean RMPs were Ϫ74 Ϯ 1 mV, Ϫ75 Ϯ 1 mV, and Ϫ74 Ϯ 1 mV, for baseline, TTX, and wash conditions, respectively. C, Comparisons of AHP peak amplitudes (top) and integrals (bottom) in control CA1PNs (blue), CA1PNs in the presence of 200 M Cd 2ϩ (red), and CA1PNs filled with 10 mM BAPTA (green). D, Comparisons of AHP peak amplitudes (top) and integrals (bottom) in CA1PNs in baseline conditions (blue), after focal application of 1 M TTX (red), and after 15 min of wash (green). *p Ͻ 0.01 compared with control or baseline conditions (ANOVAs).
larization that occurred during spike trains (Fig. 3B) , reduced AHP peak amplitudes by 62 Ϯ 2% ( p Ͻ 0.05, repeatedmeasures ANOVA; Fig. 3 A, C,D) , and reduced AHP integrals by 84 Ϯ 5% ( p Ͻ 0.01; Fig. 3 A, C,E) . To ensure that blockade of sodium channels did not indirectly also block calcium entry, we simultaneously measured action-potential-induced calcium transients by monitoring OGB1 (100 M in patchpipette) fluorescence (Fig. 3 A, C,F ) . Compared with the robust reductions in AHP peak amplitude and integral in the presence of TTX, peak somatic calcium remained at 82 Ϯ 9% of baseline levels (n ϭ 5; p ϭ 0.12), further suggesting that sodium, rather than calcium, serves as the primary activitydependent trigger for AHPs in cortical pyramidal neurons.
Sodium-dependent AHPs in CA1PNs
Like L5PNs, CA1PNs in the hippocampus exhibit pronounced AHPs after spike trains (Dasari and Gulledge, 2011) . We tested the roles of calcium and sodium in generating AHPs in CA1PNs in several ways. First, we compared AHPs generated by trains of action potentials in control neurons (n ϭ 12) with AHPs generated in CA1PNs patched in the presence of cadmium (200 M; n ϭ 7) or with BAPTA (10 mM) in the patch-pipette (n ϭ 15). Trains of action potentials (50 Hz, 3 s) generated prolonged AHPs in all three groups (Fig.  4A) . Although AHP peak amplitudes (8.5 Ϯ 0.6 in control neurons) were slightly reduced in both cadmium (6.6 Ϯ 0.4 mV; p Ͻ 0.05, ANOVA) and BAPTA (5.2 Ϯ 0.4 mV; p Ͻ 0.01) conditions, no significant differences were observed in AHP integrals (Fig. 4C ). Mean AHP integrals were 44 Ϯ 4 mV ⅐ s, 42 Ϯ 2 mV ⅐ s, and 39 Ϯ 3 mV ⅐ s for control, cadmiumexposed, and BAPTA-filled neurons, respectively ( p ϭ 0.61). Next, we measured AHPs before and after focal application of TTX (1 M; Fig. 4 B, D) . TTX application reversibly reduced the amplitudes of the first and last action potentials by 65 Ϯ 3% and 56 Ϯ 6%, respectively (n ϭ 7; p Ͻ 0.01 for each, ANOVAs). TTX also reversibly reduced AHP integrals by 81 Ϯ 8% (n ϭ 7; p Ͻ 0.01, repeated-measures ANOVA), but did not significantly affect AHP peak amplitude (mean change in peak amplitude was Ϫ20 Ϯ 14%; p ϭ 0.2). These results are consistent with L5PNs and CA1PNs sharing a common sodiumdependent mechanism that generates long-lasting AHPs after periods of activity, and suggest a calcium-mediated contribution to AHP peak amplitude in CA1PNs.
The slow component of the AHP does not reflect a potassium conductance How might sodium entry during trains of action potentials contribute to the AHP? We hypothesized that activity-dependent increases in intracellular sodium activate sodium-dependent potassium channels to produce long-lasting outward currents that inhibit cortical pyramidal neurons . We tested this hypothesis in several ways. First, we attempted to "reverse" the AHP by hyperpolarizing neurons below the equilibrium potential for potassium (ϳϪ100 mV in our experimental conditions). If AHPs are mediated by a potassium conductance, holding neurons below the potassium equilibrium potential should lead to prolonged depolarizing, rather than hyperpolarizing, afterpotentials following spike trains. However, spike trains (50 Hz, 3 s) in L5PNs (n ϭ 9) generated similar hyperpolarizing AHPs at resting potentials (mean RMP of Ϫ79 Ϯ 1 mV) and at very hyperpolarized potentials A B C D Figure 5 . The slow component of the AHP is not due to an increase in potassium conductance. A, AHPs generated in a L5PN by 50 Hz, 3 s trains of action potentials at the RMP (Ϫ81 mV; blue, top) and with the cell "held" at Ϫ122 mV using somatic DC current injection (red, bottom). B, Population AHPs (resampled at 10 Hz; n ϭ 9) obtained at RMPs (blue) and at hyperpolarized potentials (red). Inset: Initial 1 s of the AHPs resampled at 100 Hz. C, AHPs in control conditions (left, blue trace) were associated with a decrease in R N , as evidenced by decreased amplitude of voltage responses to current steps (Ϫ50 pA) applied periodically (2 Hz) before and after the AHP-inducing spike train (inset, numbers indicate responses to first and last postspike train test pulses). Conversely, with HCN channels blocked with 3 mM Cs ϩ (right, red trace), little change in R N was evident (compare variability of inset voltage responses occurring after AHP induction between control and Cs ϩ conditions). The RMPs for the neurons in control and Cs ϩ conditions were Ϫ81 mV and Ϫ78 mV, respectively. D, Plot of the change in R N (% of baseline) occurring over time for AHPs generated in control conditions (n ϭ 9; blue) or in the presence of 3 mM Cs ϩ (n ϭ 12; red). RMPs were Ϫ78 Ϯ 1 mV and Ϫ79 Ϯ 1 mV in control and Cs ϩ conditions, respectively. Asterisks (blue for control experiments, red for those in the presence of Cs ϩ ) indicate p Ͻ 0.05 relative to baseline measurements.
(Ϫ119 Ϯ 2 mV) achieved via somatic current injection (Fig. 5A,B) . Only the initial few hundred milliseconds of the AHP "reversed" (mean duration of reversed portion of the AHP was 694 Ϯ 206 ms; n ϭ 9), with the bulk of the AHP continuing to hyperpolarize neurons at very negative membrane potentials. In a second test for a potassium conductance, we monitored whole-cell input resistance (R N ) over time with brief (50 ms) hyperpolarizing current pulses (Ϫ50 pA) delivered at 500 ms intervals (Fig.  5C ). Spike trains (50 Hz, 3 s) produced an initial decrease in R N of 34 Ϯ 4% (n ϭ 9; p Ͻ 0.0001), which decayed exponentially with a time constant of 4.8 Ϯ 0.7 s. However, R N is itself voltage dependent in pyramidal neurons, due primarily to HCN channel expression in dendrites (Surges et al., 2004) . To determine the contribution of HCN channels to AHP-associated reductions in R N , we conducted a second set of experiments in the presence of 3 mM cesium chloride (Fig. 5C ). In the presence of Cs ϩ , baseline R N was mostly unaffected by the AHP, with a significant change from baseline R N (Ϫ10 Ϯ 3%) occurring only during the initial post-train test pulse ( Fig. 5D ; p Ͻ 0.01), even though mean AHP peak amplitudes in the presence of Cs ϩ (8.7 Ϯ 0.4 mV) were similar to those in control conditions (8.5 Ϯ 0.5 mV; n ϭ 9; p ϭ 0.72) and AHP integrals were nearly twice as large as in control conditions (60 Ϯ 5 mV ⅐ s with Cs ϩ present, 31 Ϯ 2 mV ⅐ s in control conditions, p Ͻ 0.0001; compare also Fig. 2C,D) . These results indicate that reductions in R N after spike trains depend mostly on voltage-dependent activation of HCN channels, rather than on mechanisms underlying the AHP.
Finally, in a third test for potassium conductances, we measured AHPs in L5PNs and CA1PNs before and after removal of extracellular potassium (Fig. 6; Wang and Huang, 2006) . Removal of extracellular potassium increased the amplitude of the initial portion (ϳ1 s) of the AHP, but reversibly blocked (in L5PNs; n ϭ 9; Fig. 6A ), or had no effect on (in CA1PNs; n ϭ 9; Fig. 6B ), the bulk of the AHP. In L5PNs, removal of extracellular potassium reversibly increased AHP peak amplitudes from 7.7 Ϯ 0.3 mV to 12.1 Ϯ 1.5 mV ( p Ͻ 0.05, repeated-measures ANOVA), but reduced AHP integrals from 29 Ϯ 2 mV ⅐ s to 15 Ϯ 5 mV ⅐ s (p Ͻ 0.05; Fig. 6C ). In CA1PNs, removal of extracellular potassium reversibly enhanced AHP peak amplitudes from 7.3 Ϯ 0.3 mV to 13.3 Ϯ 1.0 mV ( p Ͻ 0.01), but did not significantly change AHP integrals ( p ϭ 0.73; Fig. 6D ).
Why the differential effect of potassium removal on AHP integrals in L5PNs and CA1PNs? It is possible that potassium efflux during prolonged spike trains is not cleared rapidly enough in tightly packed CA1PNs to sufficiently reduce extracellular potassium to levels needed to block the AHP (see also Fig. 12 , bottom, where removal of extracellular potassium blocks AHPs generated by a briefer spike train in CA1PNs). However, even with this differential effect in L5PNs and CA1PNs, the failure of potassium removal to enhance the slow portion of the AHP in both neuron types, and the reversible block of the slow portion of the AHP in L5PNs, suggest that increased potassium conductance contributes only to the initial ϳ1 s of the AHP.
AHP is primarily mediated by the sodium-potassium ATPase
If potassium conductances are not primarily responsible for AHPs, what other mechanisms might be? Our finding that removal of extracellular potassium can block, rather than increase, the AHP suggests a role for the sodium-potassium ATPase (i.e., the "sodium pump"), which requires extracellular potassium for its function. Because the sodium pump exchanges three cytosolic sodium ions for two extracellular potassium ions, it is intrinsically electrogenic and generates hyperpolarizing current when activated. We tested the role of the sodium pump in L5PNs and CA1PNs by generating AHPs (50 Hz, 3 s spike trains) before and after focal application of the sodium pump inhibitor ouabain (20 M; 2 min duration; Fig. 7) . At 20 M, ouabain had little, if any, effect on RMP. Mean changes in RMP after ouabain application were 1.6 Ϯ 0.3 mV (p Ͻ 0.05, paired t test) and 0.0 Ϯ 2.1 mV (p ϭ 0.98) for L5PNs (n ϭ 10) and CA1PNs (n ϭ 8), respectively (Desfrere et al., 2009). However, ouabain significantly inhibited AHPs in both L5 (Fig. 7A) and CA1 (Fig. 7B) pyramidal neu- A B C D Figure 6 . Removing extracellular potassium reduces, rather than increases, the slow component of the AHP. A, B, Population AHPs (resampled at 10 Hz; mean Ϯ SEM) for L5PNs (A) and CA1PNs (B) in response to 50 Hz, 3 s trains of action potentials under baseline conditions (blue), after ϳ10 min of exposure to potassium-free aCSF (red), and after 5 min of wash with regular aCSF (green). Inset: Initial 1 s of the population AHP (100 Hz). Mean RMPs of L5PNs were Ϫ78 Ϯ 1 mV, Ϫ80 Ϯ 1 mV, and Ϫ79 Ϯ 2 mV in baseline, zero K ϩ , and wash conditions, respectively. For CA1PNs, mean RMPs were Ϫ74 Ϯ 2 mV, Ϫ75 Ϯ 2 mV, Ϫ73 Ϯ 2 mV in baseline, zero K ϩ , and wash conditions, respectively. C, D, Comparisons of the effect of removing extracellular potassium on AHP peak amplitudes (top) and integrals (bottom) in L5PNs (C) and CA1PNs (D). In both neuron types, potassium-free aCSF increased the amplitude of the initial ϳ1 s of the AHP. Potassium-free aCSF reversibly blocked the majority of the AHP in L5PNs, but had no effect on later portions of the AHP in CA1PNs. *p Ͻ 0.01 compared with baseline (repeated-measures ANOVA).
rons. In L5PNs, ouabain reduced AHP peak amplitudes from 6.8 Ϯ 0.2 mV in baseline conditions to 5.3 Ϯ 0.4 mV after ouabain application ( p Ͻ 0.05), whereas AHP integrals were reduced from 20 Ϯ 1 mV ⅐ s to 6 Ϯ 1 mV ⅐ s (p Ͻ 0.001). Similarly, in CA1PNs, baseline AHP amplitudes (8.1 Ϯ 0.8 mV) and integrals (42 Ϯ 4 mV ⅐ s) were significantly reduced by ouabain to 5.6 Ϯ 0.7 (p Ͻ 0.01) and 14 Ϯ 5 mV ⅐ s (p Ͻ 0.001), respectively (Fig. 7C,D) . These effects of ouabain were not reversible within a 20 min wash period (Crambert et al., 2000) .
Activity-dependent somatic calcium and sodium dynamics during the AHP
To observe activity-dependent changes in intracellular ion concentrations directly, we delivered spike trains to L5PNs (Fig.  8 A, B) and CA1PNs (Fig. 8C,D) loaded with fluorescent indicators for either calcium (OGB1, 100 M) or sodium (SBFI, 1 mM). Trains of action potentials (50 Hz, 3 s) increased somatic calcium and sodium concentrations, as reflected by increases in OGB1 fluorescence (Fig. 8 A, C) and decreases in SBFI fluorescence (Fig.  8 B, D) . After spike trains, activity-induced changes in fluorescence decayed exponentially, whereas AHPs were best fit with double-exponential functions. Increases in somatic calcium decayed rapidly, with mean time constants of 2.1 Ϯ 0.3 s in L5PNs (n ϭ 14; Helmchen et al., 1996; and 2.8 Ϯ 0.5 s in CA1PNs (n ϭ 6; Jahromi et al., 1999). Conversely, sodium transients decayed slowly, with mean time constants of 13.8 Ϯ 1.6 s in L5PNs (n ϭ 10; p Ͻ 0.0001, unpaired t test vs L5PN calcium decay) and 10.0 Ϯ 1.3 s in CA1PNs (n ϭ 13; p Ͻ 0.01, unpaired t test vs CA1 calcium decay). Calcium decay in both neuron types was significantly faster than the decay of the AHP, which had mean weighted time constants of 8.7 Ϯ 0.8 s (L5PNs) and 11.2 Ϯ 2.3 s (CA1PNs) during Ca 2ϩ imaging and 11.6 Ϯ 3.0 (L5PNs) and 9.2 Ϯ 2.3 s (CA1PNs) during Na ϩ imaging ( p Ͻ 0.01 for both cell types when comparing calcium decay with AHP decay, paired t tests). Conversely, the decay of somatic sodium transients was similar to that of AHP decay in both cell types ( p ϭ 0.58 and 0.75 when comparing sodium decay with AHP decay in L5PNs and CA1PNs, respectively). These data are consistent with a sodium-dependent mechanism contributing to AHPs in L5PNs and CA1PNs.
Physiological spike trains generate sodium-pump-dependent AHPs
The results above confirm that trains of action potentials generate sodiumdependent AHPs in pyramidal neurons Schwindt et al., 1989; . We wondered whether similar sodiumdependent AHPs occur after more physiological patterns of activity. To test this hypothesis, we replayed in vitro a placespecific pattern of action potentials (15 action potentials over 345 ms, average interspike frequency of 78 Ϯ 16 Hz) recorded originally in a rat CA1 "place cell" as the animal traversed the cell-specific place field (Fig. 9A) . Replay of the PCT in L5PNs (n ϭ 12) or CA1PNs (n ϭ 10) generated AHPs that persisted for many seconds, even when BAPTA (10 mM) was included in patch-pipettes to block intracellular calcium signaling (Fig. 9 B, C) . In L5PNs, amplitudes and integrals of PCT-induced AHPs were, respectively, 3.3 Ϯ 0.3 mV and 3.8 Ϯ 0.5 mV ⅐ s in control neurons (n ϭ 12), and 2.7 Ϯ 0.3 mV (p ϭ 0.12, unpaired t test vs control) and 6.7 Ϯ 1.3 mV ⅐ s ( p ϭ 0.06 vs control) in BAPTA-filled neurons (n ϭ 11). In CA1PNs, chelation of intracellular calcium reduced AHP peak amplitudes from 1.6 Ϯ 0.2 mV in control neurons (n ϭ 10) to 1.0 Ϯ 0.1 mV in BAPTA-filled neurons (n ϭ 13; p Ͻ 0.05), whereas AHP integrals were not significantly affected by intracellular BAPTA (4.9 Ϯ 0.8 mV ⅐ s vs 6.4 Ϯ 0.4 mV ⅐ s for control and BAPTA-filled neurons, respectively; p ϭ 0.15). This selective effect of intracellular calcium-chelation on AHP peak amplitude, but not integral, in CA1PNs is consistent with our results from experiments using longer-duration spike trains to induce AHPs (compare with Figs. 1, 4) .
Are PCT-induced AHPs capable of inhibiting action potential generation? We tested the impact of PCTs on neuronal excitability by comparing responses to minimally suprathreshold current steps (50 ms, ϳ0.5 Hz) applied before and after replay of the PCT (Fig. 10 ). In all cells tested (n ϭ 10 each for L5PNs and CA1PNs), PCT-induced AHPs inhibited action potential generation for many seconds. The mean time to the first action potential after the PCT was 7.1 Ϯ 0.5 s for CA1PNs and 6.5 Ϯ 0.4 s for L5PNs. To better quantify the time course of PCT-induced inhibition of neuronal excitability, we repeated experiments using higherintensity current injections such that action potentials were reliably generated on each test pulse, even after replay of the PCT (Fig. 11A) . By measuring the latency of each action potential relative to the start of the current step (Fig.  11B ), we could plot the time course of PCT-induced inhibition (Fig. 11C) . Replay of the PCT increased the latency to action potential generation for many seconds, and the time course of this inhibition was, for the most part, insensitive to intracellular BAPTA (10 mM). The exception was for the initial test pulse occurring 760 ms after the PCT. The inclusion of BAPTA in the patch-pipette increased, rather than decreased, the peak latency shift in L5PNs from 3.9 Ϯ 0.6 ms in control neurons (n ϭ 12) to 5.9 Ϯ 0.6 ms in BAPTA-filled neurons (n ϭ 10; p Ͻ 0.001, unpaired t test). Conversely, in CA1PNs, the presence of intracellular BAPTA reduced the shift in spike latency for the first test pulse after the PCT from 9.3 Ϯ 1.7 ms in control neurons (n ϭ 10) to 3.7 Ϯ 1.6 ms in BAPTA-filled neurons (n ϭ 12, p Ͻ 0.001; Fig. 11C ). These opposing effects of BAPTA on PCT-induced inhibition at the earliest time point are consistent with the opposing effects of BAPTA on AHP peak amplitudes in L5PNs and CA1PNs (Figs. 1, 4, 9) . However, except for this earliest time point, the time course of PCT-induced inhibition was largely independent of intracellular calcium chelation (Fig. 11C ). These data demonstrate that short, physiologically relevant patterns of activity generate long-lasting and calcium-independent AHPs that reduce neuronal excitability for many seconds. Does the sodium pump mediate PCTinduced AHPs? In both L5PNs (n ϭ 12; Fig. 12A ) and CA1PNs (n ϭ 9; Fig. 12B ), removal of extracellular potassium reversibly reduced the integrals of PCT-induced AHPs. In L5PNs, potassium removal reversibly reduced PCT-induced AHP integrals by 55 Ϯ 10% ( p Ͻ 0.05, repeatedmeasures ANOVA), even as AHP peak amplitudes increased by 33 Ϯ 14% ( p Ͻ 0.01). In CA1PNs, removal of potassium reversibly reduced PCT-induced AHP integrals by 54 Ϯ 16% ( p Ͻ 0.05), whereas peak amplitudes were not significantly affected ( p ϭ 0.27). Further, when suprathreshold current steps were applied before and after the PCT (as in Fig. 11) , removal of extracellular potassium reversibly blocked PCT-induced shifts in spike latency in both neuron types (Fig. 12C) . Together with our data from Figure 6 , these results suggest that potassium conductances play a role during the initial ϳ1 s of the AHP (in both L5PNs and CA1PNs during AHPs generated by 50 Hz, 3 s spike trains; Fig.  6 ), during the initial few hundred milliseconds of the AHP (in L5PNs during PCT-induced AHPs; Fig. 12A ), or not at all (in CA1PNs during PCT-induced AHPs; Fig. 12B ).
PCT-induced AHPs were also blocked by ouabain (Fig. 13) . Although ouabain did not significantly reduce AHP peak amplitudes in L5PNs ( Fig. 13A ; n ϭ 9; p ϭ 0.45) or CA1PNs ( Fig. 13B ; n ϭ 7; p ϭ 0.77), ouabain did reduce AHP integrals from 5.0 Ϯ 0.5 mV ⅐ s to 0.8 Ϯ 0.3 mV ⅐ s in L5PNs (p Ͻ 0.0001, paired t test) and from 7.8 Ϯ 1.1 mV ⅐ s to 1.5 Ϯ 0.5 mV ⅐ s in CA1PNs (p Ͻ 0.01, paired t test). In L5PNs, ouabain also abolished the ability of PCT-induced AHPs to increase spike latency during suprathreshold current injections and ouabain had a similar effect on all but the initial test pulse (occurring 760 ms after the PCT) in CA1PNs (Fig. 13C) . These data demonstrate a role for the sodium pump in regulating the excitability of pyramidal neurons after brief, physiologically relevant spike trains. 
Subphysiological temperatures reveal a calcium-dependent AHP
If the sodium pump is primarily responsible for generating AHPs in pyramidal neurons, what accounts for the historical focus on calcium-activated potassium conductances? It is possible that differences in experimental design influence the mechanisms underlying the AHP. For example, AHP mechanisms could depend on animal species, animal age, and/or the temperature of neurons during experiments. In an earlier study, we noted nearly identical amplitudes and time courses of AHPs generated in CA1PNs from A B C Figure 9 . Calcium-independent AHPs generated by a physiological PCT. A, Current injections (bottom) reproducing in vitro a place-specific burst of action potentials originally recorded in a rat CA1 place cell in vivo. B, Average AHP generated by 10 trials in the CA1PN shown in A. C, Population AHPs (resampled at 10 Hz; mean Ϯ SEM) generated by the PCT in L5PNs (top) or CA1PNs (bottom) in control conditions (blue) or in cells filled with 10 mM BAPTA (red). Mean RMPs were Ϫ77 Ϯ 1 mV (control) and Ϫ77 Ϯ 1 mV (BAPTA-filled) 4 in L5PNs and Ϫ74 Ϯ 2 mV (control) and Ϫ75 Ϯ 1 mV (BAPTA-filled) in CA1PNs. Inset: Initial 1 s of the AHPs resampled at 100 Hz. Cell-to-cell variability in the timing of the AHP peak in L5PNs generated population AHPs with smaller peak amplitudes than observed in individual neurons (see also Fig. 1C ). Internal BAPTA only significantly reduced AHP peak amplitudes in CA1PNs. mice and rats (Dasari and Gulledge, 2011) , and both calcium-and sodiumdependent AHPs have been observed in a variety of overlapping species (see Discussion). This suggests that AHP mechanisms are likely conserved in mammalian pyramidal neurons. Another possibility is that AHPs are developmentally regulated , because most studies focusing on calcium-dependent mechanisms have used neurons from immature (Ͻ4 weeks old) animals (see Discussion), whereas studies reporting sodium-dependent AHPs in pyramidal neurons have generally used more mature neurons but see Franceschetti et al., 2003) . However, when we compared AHPs generated in L5PNs and CA1PNs from 12-to 14-dold animals in control conditions (n ϭ 11 for L5PNs, n ϭ 9 for CA1PNs) with AHPs generated in the presence of 200 M Cd 2ϩ (n ϭ 11 for L5PNs, n ϭ 10 for CA1PNs), we did not reveal additional calcium-dependent components of the AHP in neurons from young animals (Fig. 14) . AHP peak amplitudes and integrals in L5PNs from young neurons in control conditions were 8.3 Ϯ 1.0 mV and 38 Ϯ 7 mV ⅐ s, respectively (Fig.  14A ). In the presence of Cd 2ϩ , AHPs in L5PNs had amplitudes of 7.0 Ϯ 0.7 mV ( p ϭ 0.29 compared with control, unpaired t test) and integrals of 43 Ϯ 4 mV ⅐ s ( p ϭ 0.53 compared with control). In CA1PNs from young animals (Fig. 14B) , AHP amplitudes in control conditions and in the presence of Cd 2ϩ were 5.3 Ϯ 0.3 mV and 6.2 Ϯ 0.5 mV, respectively ( p ϭ 0.14), whereas AHP integrals were 36 Ϯ 3 mV ⅐ s in control neurons and 33 Ϯ 4 mV ⅐ s in the presence of Cd 2ϩ ( p ϭ 0.57). Therefore, we found no significant calcium-dependent components to AHPs in L5PNs and CA1PNs from young (12-to 14-d-old) mice.
A third possibility is that temperature might affect the relative contribution of calcium-dependent mechanisms to the AHP (Gustafsson and Wigström, 1983) . Indeed, the kinetics of the AHP are slower at low temperatures , with Lancaster and Adams (1986) reporting a 4-fold increase in AHP decay rate when temperatures were raised from 27.5 to 32.5°C. To test the impact of temperature on AHP mechanisms, we generated AHPs in response to 50 Hz, 3 s spike trains in L5PNs and CA1PNs at room temperature (23°C), after heating to 35°C, and again after cooling back to room tem-A B C Figure 11 . AHPs generated by physiological spike trains inhibit action potential generation for many seconds. A, Current injections (bottom) were used to generated periodic single action potentials (at ϳ2 s intervals) and the PCT in a CA1PN (RMP ϭ Ϫ77 mV). After 4 "baseline" current injections (blue), the cell experienced the PCT (green), followed by 9 additional periodic test current pulses (red). B, Responses to test pulses in A expanded and superimposed. The PCT increased the latency to spike initiation during subsequent current injections. C, Plots of the mean (ϮSEM) change in spike latency (relative to mean baseline latency) for action potentials generated before and after PCTs in L5PNs (left) and CA1PNs (right). Blue symbols indicate experiments using control intracellular solution, whereas red symbols indicate neurons in which 10 mM BAPTA was included in the patch-pipette. Significant ( p Ͻ 0.05) changes in spike latency relative to baseline latencies are indicated by blue and red asterisks for control and BAPTA-filled neurons, respectively. Black asterisks indicate significant differences in the latencies between control and BAPTAfilled neurons.
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Figure 12. Removal of extracellular potassium blocks the slow-component of PCT-induced AHPs. A, B, Population AHPs (resampled at 10 Hz; mean Ϯ SEM) for L5PNs (A) and CA1PNs (B) in response to the PCT under baseline conditions (blue), after ϳ10 min of exposure to potassium-free aCSF (red), and after 5 min of wash with regular aCSF (green). Inset: Initial 1 s of the population AHPs (100 Hz). Potassium-free aCSF reversibly inhibited the slow component of the AHP in both L5PNs (left) and CA1PNs (right). Mean RMPs in L5PNs and CA1PNs, respectively, were Ϫ79 Ϯ 1 mV and Ϫ75 Ϯ 1 mV in baseline conditions, Ϫ80 Ϯ 1 mV and Ϫ77 Ϯ 1 mV in zero-potassium conditions, and Ϫ77 Ϯ 1 mV and Ϫ75 Ϯ 1 mV in wash. C, Plots of changes in spike latency during test pulses delivered before and after the PCT (compare with Fig. 11 ) in L5PNs (left) and CA1PNs (right) in baseline conditions (blue), with potassium removed from the aCSF (red), and after potassium replacement (green).
perature (Fig. 15A) . AHPs generated at room temperature had significantly larger peak amplitudes and integrals than did AHPs generated at 35°C. In L5PNs, AHP peak amplitudes and integrals were, respectively, 12.3 Ϯ 0.3 mV and 37 Ϯ 1 mV ⅐ s in baseline (room temperature) conditions, 7.6 Ϯ 0.4 mV and 20 Ϯ 2 mV ⅐ s when slices were heated to 35°C, and 11.6 Ϯ 0.5 mV and 44 Ϯ 4 mV ⅐ s upon cooling back to room temperature (n ϭ 5; p Ͻ 0.01 for amplitudes and p Ͻ 0.05 for integral for AHPs at 35°C, repeatedmeasures ANOVAs). Similarly, in CA1PNs, heating to 35°C reversibly reduced AHP amplitudes (from 9.9 Ϯ 0.9 mV to 6.8 Ϯ 0.5 mV; n ϭ 7; p Ͻ 0.05) and integrals (from 64 Ϯ 3 mV ⅐ s to 36 Ϯ 2 mV ⅐ s; p Ͻ 0.01), whereas cooling again to room temperature increased amplitudes (8.9 Ϯ 0.1 mV) and integrals (68 Ϯ 4 mV ⅐ s) to near-baseline values.
Are the larger AHPs occurring at room temperature reflective of calciumdependent processes? In additional groups of L5PNs and CA1PNs, we compared AHPs generated in control conditions at room temperature with those generated at room temperature in the presence of cadmium (200 M; Fig. 15B ). In control experiments conducted at 23°C, AHP peak amplitudes were 12.4 Ϯ 0.4 mV and 12.0 Ϯ 0.5 mV for L5PNs (n ϭ 7) and CA1PNs (n ϭ 7), respectively. In neurons patched at room temperature in the presence of Cd 2ϩ , AHP amplitudes were significantly smaller, being 8.8 Ϯ 0.3 mV and 6.9 Ϯ 0.6 mV, respectively, for L5PNs (n ϭ 5) and CA1PNs (n ϭ 6) (p Ͻ 0.0001 for both neuron types in Cd 2ϩ compared with control neurons, unpaired t tests). Although Cd 2ϩ did not affect total AHP integrals (p ϭ 0.12 and 0.09 for L5PNs and CA1PNs, respectively), Cd Figs. 1, 4, 15) . Therefore, we conclude that, whereas calcium-dependent contributions to the AHP are prominent at room temperature, under more physiological conditions (35°C) the AHP is mediated primarily by the sodium pump.
Discussion
The main finding of the present study is that the sodium-potassium ATPase ("sodium pump") generates prolonged AHPs after periods of action potential generation in neocortical and hippocampal pyramidal neurons. AHPs generated at 35°C were mostly insensitive to manipulations of cytosolic calcium accumulation (Figs. 1, 4, 9 ), but were sensitive to blockade of sodium channels with TTX (Figs. 1,  4) , removal of extracellular potassium (Figs. 6, 12) , or the presence of ouabain (Figs. 7, 13) . Our results show that activity-dependent recruitment of the sodium pump suppresses pyramidal neuronal excitability for many seconds. Because the sodium pump is expressed in all cells, we propose that it represents a fundamental intrinsic negative feedback mechanism to limit the excitability of many, if not most, neurons. Indeed, sodium-pump-mediated, activitydependent hyperpolarizations have been reported in Drosophila Inset: Initial1softheAHPresampled at 100 Hz. Blue plots indicate data from control neurons (n ϭ 11 for L5PNs, n ϭ 9 for CA1PNs), whereas red plots indicate neurons patched in the presence of 200 M Cd 2ϩ (n ϭ 11 for L5PNs, n ϭ 10 for CA1PNs). Mean RMPs in L5PNs and CA1PNs were, respectively, Ϫ69 Ϯ 1 mV and Ϫ73 Ϯ 1 mV in control conditions and Ϫ71 Ϯ 1 mV and Ϫ69 Ϯ 1 mV in the presence of Cd 2ϩ . (Pulver and Griffith, 2010), leech (Baylor and Nicholls, 1969) , frog (Zhang and Sillar, 2012) , lamprey (Parker et al., 1996) , and mammalian (Gustafsson and Wigström, 1981, 1983; Kim et al., 2007; Kim and von Gersdorff, 2012) neurons. Sodium-dependent AHPs have been reported in neocortical pyramidal neurons, but have generally been ascribed to activation of sodium-dependent potassium conductances, rather than the sodium pump Schwindt et al., 1989; , based primarily on their reversal near the potassium equilibrium potential, and increased membrane conductance during the AHP. However, only two studies tested directly a role for the sodium pump, and reported inconclusive results after prolonged bath-application of low concentrations (Յ10 M) of ouabain . On the contrary, we observed dramatic changes in the AHP immediately after a 2-min-long focal application of 20 M ouabain (Figs. 7, 13 ) that produced little, if any, changes in resting membrane properties (Vaillend et al., 2002; Desfrere et al., 2009) . Further, although the initial portion (Ͻ1 s) of the AHP reversed when neurons were held at very negative (ϳϪ120 mV) membrane potentials, the majority of the AHP continued to be hyperpolarizing (Fig. 5) . Finally, we observed that removal of extracellular potassium reduced, rather than enhanced, all but the initial portion of the AHP (Figs. 6, 12) , a result inconsistent with activation of potassium conductances, but expected if AHPs depend upon sodium pump activation. Althugh our data do not rule out a role for sodiumdependent potassium conductances, especially during the initial second or two of the response, they strongly suggest that the sodium pump plays the dominant role in generating AHPs in cortical pyramidal neurons.
Does the sodium pump regulate neuronal excitability in vivo? We found that in vitro replay of a brief (Ͻ350 ms), 15-action-potential PCT recorded originally in vivo generated long-lasting, sodium-pump-dependent AHPs that reduced neuronal excitability for many seconds (Figs. 9, 10, 11) . Because sodium-pump-dependent inhibition builds in proportion to spike frequency and number, it will likely shape the pattern of ongoing neuronal activity in vivo. For example, progressive activation of the sodium pump during periods of sensory-driven activity may contribute to sensory adaptation in the visual (Sanchez-Vives et al., 2000a) and auditory cortices. In the hippocampus, activity-dependent engagement of the sodium pump might contribute to the observed asymmetry in CA1 place field firing, where increases in firing rates as animals enter place fields are less abrupt than are decreases in firing as animals leave the same fields (Huxter et al., 2008) . Consistent with these hypotheses, reduced sodium pump expression results in deficits in startle habituation (Kirshenbaum et al., 2011) and spatial learning (Moseley et al., 2007) , suggesting that activity-dependent sodium pump currents may moderate neuronal excitability during behavior.
Calcium versus sodium contributions to the AHP
What explains the historical focus on calcium-dependent, rather than sodium-dependent, AHPs in pyramidal neurons? Three variables that might influence the ionic mechanisms mediating the AHP are animal species, animal age, and/or the temperature A B Figure 15 . Calcium-dependent contribution to the AHP is temperature dependent. A, Population AHPs (resampled at 10 Hz; mean Ϯ SEM) for L5PNs (left) and CA1PNs (right) recorded initially at room temperature (23°C; blue), after warming to 35°C (red), and after cooling again to room temperature (green). Inset: Initial 1 s of the AHP resampled at 100 Hz. Increasing the temperature to 35°C reversibly reduced the amplitude of the initial few seconds of the AHP. L5PNs had RMPs of Ϫ73 Ϯ 1 mV in baseline room-temperature conditions, Ϫ75 Ϯ 1 mV at 35°C, and Ϫ73 Ϯ 1 mV upon returning to room temperature. In CA1PNs, RMPs were Ϫ73 Ϯ 1 mV in baseline room-temperature conditions, Ϫ72 Ϯ 1 mV at 35°C, and Ϫ72 Ϯ 2 mV upon returning to room temperature. B, Population AHPs for L5PNs (left) and CA1PNs (right) patched at room temperature in control conditions (blue; n ϭ 7 for each cell type) or in the presence of 200 M Cd 2ϩ (red; n ϭ 5 for L5PNs, n ϭ 6 for CA1PNs). Blockade of voltage-gated calcium channels with Cd 2ϩ reduced the amplitude of the initial few seconds of the AHP to levels similar to those observed at 35°C in the absence of Cd 2ϩ (A). AHPs in all panels are shown at the same scale. In control, room-temperature conditions, baseline RMPs were Ϫ74 Ϯ 1 mV in L5PNs and Ϫ70 Ϯ 1 mV in CA1PNs. In the presence of Cd 2ϩ , RMPs were Ϫ72 Ϯ 1 mV in L5PNs and Ϫ69 Ϯ 1 mV in CA1PNs. Villalobos and Andrade, 2010; Villalobos et al., 2011) , precluding observations of sodium-dependent contributions to the AHP (Figs. 3, 4) . Accordingly, these studies have generally found AHPs to be of much shorter duration (Յ3 s) than reported here (but see . Alternatively, other studies may have taken for granted the role of calcium in generating AHPs, and did not test directly for ionic dependency Sah and Bekkers, 1996; Jahromi et al., 1999; Fernández de Sevilla et al., 2007; Gamelli et al., 2011) . Our results, together with those of Schwindt et al. ( , 1989 and , demonstrate that, at nearphysiological temperatures, the AHP is sodium dependent rather than calcium dependent. Our results go further by identifying the sodium pump, rather than potassium conductances, as the primary contributor to the AHP. Because the sodium pump is ubiquitous, intrinsically electrogenic, and responsive to changes in intracellular sodium, we propose that it represents a fundamental mechanism regulating neuronal excitability in many, if not most, neurons.
